A novel deoC gene was identified from Paenibacillus sp. EA001 isolated from soil. The gene had an open reading frame (ORF) of 663 base pairs encoding a protein of 220 amino acids with a molecular mass of 24.5 kDa. The amino acid sequence was 79% identical to that of deoxyribose 5-phosphate aldolase (DERA) from Geobacillus sp. Y412MC10. The deoC gene encoding DERA was cloned into an expression vector and the protein was expressed in Escherichia coli. The recombinant DERA was purified using Ni-NTA affinity chromatography and then characterized. The optimum temperature and pH of the enzyme were 50 o C and 6.0, respectively. The specific activity for the substrate deoxyribose 5-phosphate (DR5P) was 62 µmol/min/mg. The K m value for DR5P was determined to be 145 mM with the k cat value of 3.2×10 2 /s from Lineweaver-Burk plots. The EA001 DERA showed stability toward a high concentration of acetaldehyde (100 mM).
Deoxyribose phosphate aldolase (DERA, E.C. 4.1.2.4) is an enzyme that catalyzes the reversible retroaldol reaction of deoxyribose 5-phosphate (DR5P) to glyceraldehyde 3-phosphate (G3P) and acetaldehyde [7, 19] . Among aldolases catalyzing carbon-carbon bond formation, DERA is of particular interest and is a useful catalyst in organic synthesis [8, 10] . It is involved in the synthesis of deoxyribose nucleosides such as deoxy sugars, thiosugars, and analogs [18] . Specifically, DERA has been used in the production of therapeutic agents, including antiviral nucleosides, cholesterol-lowering drugs, and anticancer drugs [2, 5, 17] .
Sales of statins such as atorvastatin and rosuvastatin, which are 3-hydroxy 3-methylglutaryl (HMG)-CoA reductase inhibitors, have gradually increased worldwide [5] . DERA has also been used to produce two intermediates in the synthesis of epothilone A, an anticancer agent [17] .
In recent years, the microbial production of 4-hydroxybenzylidene via bioconversion using bacteria and fungi that produce DERA has been investigated. This compound is the direct precursor of raspberry ketone, the key component of a flavoring agent that ranks second in the total potential market [3] . DERAs have been studied in bacteria as well as in eukaryotes. However, although the enzyme from bacteria is considered to be a potential synthetic catalyst, it is not clear whether the eukaryotic enzyme can be similarly utilized [14] . Despite various research studies on DERAs, their application is problematic owing to their low thermostability and poor resistance to high concentrations of aldehydes [10, 15] .
In this study, we isolated a microorganism with an active DERA from soil and identified it as Paenibacillus sp. EA001 based on analysis of its 16S rRNA sequence. The deoC gene encoding this DERA was cloned into an expression vector and the protein was overexpressed and purified. This report describes the characterization of this new DERA.
MATERIALS AND METHODS

Bacterial Isolation and Screening
Paenibacillus sp. EA001 was isolated from soil collected at Mt. Naejang (Korea) by cultivation on a plate containing a dextrin peptone-based medium (DPA), which consisted of 1.5% (w/v) dextrin (Matsudani Korea, Korea), 0.5% (w/v) polypeptone (bactopeptone), 0.1% (w/v) yeast extract, 0.1% (w/v) K [9] . The DR5P thus produced was quantitatively determined using the cysteine-sulfate method [16] .
Identification and Cloning of the deoC Gene For cloning of deoC from strain EA001, degenerate primers were designed based on highly conserved regions of the gene from a variety of microorganisms ( Table 1 ). The deoC gene sequence was partially amplified using the genomic DNA of strain EA001 as a template. The polymerase chain reaction was performed in 20-µl reaction mixtures containing 100 ng of isolated genomic DNA, 10× PCR buffer, 10 mM dNTPs, 5 µM each primer, and 2 U Taq DNA polymerase (Solgent, Korea). DNA was amplified by PCR as follows: initial denaturation at 95 Inverse PCR was used to amplify the deoC sequence encoding the full-length DERA peptide. The primers were designed from the partial nucleotide sequence of deoC (Table 1) . Genomic DNA was digested using various restriction enzymes and was circularized by self-ligation. PCR was carried out in 20-µl reaction mixtures containing 25 ng of circularized genomic DNA fragments, 10× PCR buffer, 10 mM dNTPs, 0.5 µM each primer, and 2 U EF Taq DNA polymerase (Solgent, Korea). PCR cycling conditions were an initial denaturation at 94 
DERA Activity Assay
Cleavage of DR5P was determined by the conversion of acetaldehyde to ethanol through the oxidation of NADH in a coupled assay using alcohol dehydrogenase [13] . Reaction mixtures (100 µl) containing 100 mM Tris-HCl buffer (pH 8.8), 1 mM DR5P, and appropriately diluted DERA were incubated at various temperatures for 10 min. After incubation, the mixture was cooled to 25 o C and 10 U of alcohol dehydrogenase was added. Thereafter, the decrease in the NADH concentration was automatically monitored for 5 min at 340 nm using an Ultrospec 3100 pro spectrophotometer (Amersham Bioscience). A molar extinction coefficient of 6.22×10 NADH. One unit of enzyme activity was defined as the amount of DERA required to cleave 1 µmol of DR5P per minute.
Synthesis of DR5P from Acetaldehyde and G3P Using DERA Standard reactions were carried out in 100-µl mixtures containing 100 mM Tris-HCl (pH 8.8), 90 mM G3P, various concentrations of acetaldehyde in increments of 50 mM, and an aliquot of appropriately diluted enzyme [9, 12] . Reactions were performed at 30 o C for 3 h with shaking (120 rpm) and then centrifuged (10,000 ×g, 10 min). The amounts of DR5P thus produced were determined colorimetrically using the cysteine-sulfate method [16] .
RESULTS
Isolation and Identification of Paenibacillus sp. EA001 from Soil
Microorganisms were isolated from soils collected near Mt. Naejang. Strains degrading DR were initially selected as candidates by TLC analysis. These strains were then screened for the ability to decompose or produce DR5P.
A strain with a highly active DERA was identified by comparison of its 16S rRNA sequence with those in the GenBank database of the National Center for Biotechnology Information (NCBI). This sequence (GenBank Accession No. GU591701) was similar to that of Paenibacillus kribbensis (AF391123; 99% identity), Paenibacillus polymyxa strain ISSDS-792 (EF620468; 98% identity), and Paenibacillus sp. P119 (AM906088; 98% identity). The identified strain was designated Paenibacillus sp. EA001. The phylogenetic tree in Fig. 1 shows the approximate relationship of this strain to several others, based on 16S rRNA sequences, and indicates that it grouped with P. kribbensis with 99% similarity (Fig. 1 ).
Identification and Cloning of the DERA from Paenibacillus sp. EA001
To clone the gene encoding the DERA, deoC was partially amplified from Paenibacillus sp. EA001 genomic DNA by degenerate PCR and then sequenced. Inverse PCR was used to determine the full-length deoC sequence encoding the DERA peptide. Analysis of this sequence using the BlastP search tool of NCBI revealed an open reading frame (ORF) for deoC containing 663 bp, beginning with the ATG start codon and ending with the TAA stop codon. The ORF encodes a protein of 220 amino acids with a molecular mass of 24.5 kDa. The deduced amino acid sequence of DERA from Paenibacillus sp. EA001 showed 79%, 74%, and 71% identities to the DERA from Geobacillus sp. Y412MC10 (ZP_03039924), Bacillus pumillus ATCC 7061 (ZP_03055147), and Bacillus cereus AH187 (ZP_02257186), respectively (Fig. 2) .
The deoC gene encoding DERA was amplified from isolated genomic DNA by PCR for cloning into an expression vector. The primers were designed based on the nucleotide sequence obtained by degenerate and inverse PCR. The amplified fragment was digested with EcoRIBamHI and subcloned into the pET302/NT-His expression vector at the corresponding sites. The sequence of the cloned deoC gene was deposited in GenBank under accession number GQ254738.
Expression and Purification of the Recombinant DERA The expression vector containing the deoC gene encoding DERA from Paenibacillus sp. EA001 was transformed into E. coli BL21 (DE3) and expression was induced by the addition of IPTG. The enzyme was purified using a simple one-step procedure, the results of which are summarized in Table 2 . The degree of purification and yield of the purified enzyme were 1.4-fold and 80%, respectively, compared with that of the crude extract. SDS-PAGE of the purified enzyme revealed a protein with a molecular mass of approximately 24.5 kDa (Fig. 3) .
Characterization of the Purified DERA Optimal enzyme activity was observed at 50 o C (Fig. 4A ) and pH 6.0 (Fig. 4B) . The recombinant enzyme showed relatively high activity over a broad range of pHs (6.0-10.0). Thermal stability was estimated by incubating the enzyme at various temperatures for 1 h in an optimal pH buffer. The enzyme retained full activity after incubation at 60 o C for 1 h (Fig. 4C) . The specific activity of the DERA from Paenibacillus sp. EA001 was 62 µmol/min/mg ( Table 2) . The K m and k cat values were determined to be 145 mM and 3.2×10 2 /s, respectively, using DR5P as a substrate.
DR5P Production from Acetaldehyde and G3P
The production of DR5P by Paenibacillus sp. EA001 DERA using various concentrations of acetaldehyde (30 o C, 3 h) was quantitatively measured by the cysteine-sulfate assay [16] . DERA showed the highest activity at up to 100 mM acetaldehyde, and also showed some activity at 300 mM acetaldehyde (Fig. 5) .
DISCUSSION
In this report, we describe the isolation of a strain with an active DERA from the soil at Mt. Naejang in Korea. This strain, which has been designated Paenibacillus sp. EA001, was selected on the basis of its ability to degrade DR and to produce and decompose DR5P [9, 13, 16] . Comparison of the 16S rRNA sequence of strain EA001 with those of other microorganisms showed that it has the closest identity with Paenibacillus kribbensis AMT49 (Fig. 1) .
A new deoC gene encoding a DERA was identified in Paenibacillus sp. EA001. This is the first report to describe the characteristics of a DERA enzyme isolated from a member of this genus, although DERAs from other strains have recently been investigated [1, 4, 6, 9, 13, 15] . The recombinant DERA from strain Paenibacillus sp. EA001 could be highly expressed in E. coli and was easily purified by affinity chromatography.
The optimal pH and temperature of the DERA from strain EA001 were found to be 6.0 and 50 o C, respectively. In addition, this enzyme was highly active at pH between 6.0 and 10.0. The enzyme had the same optimal temperature Conserved and identical residues are shaded in gray. Table 2 . Steps in the purification of the DERA from Paenibacillus sp. EA001.
Step Total vol. 
80
The cell pellet was 0.20 g of wet cell weight.
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as the DERA from Aeropyrum pernix [14] , but its activity was higher than the optimal activity at 30 o C of the DERA from Klebsiella pneumoniae B-4-4 [9] .
The recombinant DERA from strain EA001 retained high activity at 60 o C. The DERAs from several strains including Escherichia coli, Thermotoga maritima, and Pyrobaculum aerophilum were shown to be highly stable after incubation for 10 min at 60, 90, and 100 o C, respectively [15] . However, the DERA from strain EA001 was stable after incubation at 60 o C for 1 h (Fig. 4) . This enzyme was also more stable than the DERA from Yersinia sp. EA015, described in our previous report [11] .
DERAs have exhibited an inherent problem of poor resistance to high concentrations of aldehydes in industrial applications [10] . Production of DR5P with K. pneumoniae DERA decreased at acetaldehyde concentrations above 200 mM [18] . Wild-type E. coli DERA had poor resistance to high concentrations of aldehydes, whereas mutated DERAs showed a 10-fold improvement in resistance [10, 15] . The DERA from Paenibacillus sp. EA001 had maximum activity at up to 100 mM acetaldehyde. However, this enzyme also exhibited DR5P-producing activity at 300 mM acetaldehyde, similar to Yersinia sp. EA015 [11] .
In this study, we identified a new DERA from Paenibacillus sp. EA001 that was isolated on the basis of DR degradation and the reversible retroaldol reaction. The DERA was successfully overexpressed and purified. The effects of temperature on the enzyme indicated that it possesses high activity and thermostability. In addition, the DR5P-producing activity was found to be maximal at 100 mM acetaldehyde. Taken together, these results suggest that this novel DERA may be useful for industrial applications and thus merits further study. DR5P was produced using various concentrations of acetaldehyde (30 o C, 3 h). DR5P production was detected using the cysteine-sulfate method.
